Calcifying vesicles play an important role in the mechanism of aortic calcification induced by dietary cholesterol interventions. This study was initiated to test the hypothesis that alterations in the ratio of bicarbonate/CO 2 , which is a main physiological buffer, could affect vesiclemediated calcification. Using rabbits as a model, in vitro calcification of vesicles isolated from aortas was performed to study the effect of the bicarbonate buffer on the mineralization process. When Tris buffer was initially used to maintain pH of the media, ATP-dependent vesicle calcification increased with pH of calcifying media. By replacing Tris with physiological bicarbonate/CO 2 buffer, ATP-dependent vesicle calcification increased rapidly with increased ratios of bicarbonate/CO 2 . The increase appears to be a result of elevated levels of pH through the alteration in the ratios of bicarbonate/CO 2 . The effect of the physiological concentration of bicarbonate (30 mM) on pH of calcifying media was remarkable since 50 mM of Tris buffer at pH 7.6 failed to prevent a rapid rise in pH under atmospheric CO 2 . The effect of bicarbonate and CO 2 on vesicle calcification was dependent on the ratio of the surface area to the volume of calcifying media, since the ratio profoundly affects the exchange rate between the gas and liquid phases of CO 2 . Although the pathological conditions that alter the pH remain unknown, it is conceivable that blockage in the supply of blood CO 2 to the media by intimal thickening in the lesions could contribute to focal calcification. We conclude that bicarbonate buffer could provide a dynamic and rapid transitional increase in pH of extracellular fluids, thereby creating a favorable condition for the initiation of vesicle-mediated calcification under pathological conditions. D
Introduction
The pathological conditions that set the stage for aortic calcification induced by high cholesterol dietary interventions remain incompletely defined [1] . Although several putative factors have been shown to be involved in aortic calcification, the conditions whereupon they may interact to produce the first mineral deposits remain to be established [2 -10] . The close association of cholesterol with mineral deposits in aortas suggests a direct role of cholesterol in calcification [2] . Further, hydroxyl form of cholesterol was shown to stimulate calcification of cloned vascular cells [3] . Low-density lipoproteins may initiate calcification through their ability to induce osteogenesis and calcifying apoptotic bodies [4 -7] . The presence of electron-dense elastic fibers and mineral-associated collagen fibrils in lesions has been reported [8] . Collagens could serve as initiators or scaffolds for mineral deposition and proliferation [9] . Interestingly, type I collagen enhances calcification in vascular cell cultures whereas the type IV collagen inhibits mineral deposition [10] .
Mineral associated vesicles, which are membrane bound with an average size of 200 nm, are present in aortas of human atherosclerotic subjects [11, 12] and of rabbits fed cholesterol diets [12, 13] . These vesicles were shown to be capable of depositing Ca mineral in defined calcifying media with physiological concentrations of Ca, Pi, bicarbonates, and ATP. Using rabbits as an animal model, the formation of calcifying vesicles was found to precede aortic calcification [14, 15] . Fourier-transform infrared microspectroscopic data revealed similarities in the spectral patterns of mineral deposits in the affected aortas and those deposited by isolated vesicles [14, 15] . The calcifying activity of vesicles is stimulated by methylglucoside-specific binding lectin but not by acetyl-glucoside specific lectins, implicating the role of carbohydrates in vesicle calcification [16] . The appearance of vesicles is closely in coordination with the disappearance of internal elastic fibers and the increased focal deposition of collagen fibrils, further supporting the concept of complexity of the calcification process [17] . Our recent in vitro study demonstrated that cholesterol and its oxidative forms, including 7-ketocholesterol and hydroxycholesterol, have a direct stimulatory effect on calcifying activity of vesicles [18] . Despite morphological and biochemical evidence for a role of calcifying vesicles [12 -15] and apoptotic bodies [19] in the onset mechanism of dystrophic calcification in atherosclerotic aortas, the precise pathologic alterations surrounding vesicles whereby vesicles initiate dystrophic calcification need to be further addressed. Since pH plays an essential role in the mineralization process and is mainly controlled by the ratio of bicarbonate and CO 2 under physiological and pathological conditions, this study was prompted to investigate the role of bicarbonate buffer in setting the stage for vesicle-mediated aortic calcification.
Experimental procedures

Isolation of calcifiable vesicles from aortas
Calcifying vesicles were isolated from atherosclerotic aortas using the method of Hsu et al. [20] . Segments of ascending thoracic aortas (3-in. long) from six rabbits fed a cholesterolenriched diet were collected and the adventitia including attached adipose tissues were removed, and immediately submerged in cold phosphate-buffered saline. For control, aortas were also collected from six rabbits fed normal chow. The segments were minced into fine pieces, washed once with 10-ml PBS by centrifugation, and then digested for 3 h at 37 jC in a solution (15 ml/g of tissue) containing 0.1% of crude collagenase (Boehringer Mannheim, Type B), 0.25 M sucrose, 0.12 M NaCl, 0.01 M KCl, 100 U/ml of penicillin, 1 mg/ml of streptomycin, and 0.02 M Tes buffer (N-tris[hydroxmethyl]-methyl-2-amino-ethanesulfonic acid), pH 7.45. The digests were centrifuged at 800 Â g to precipitate cells and cell debris. The supernatants were then centrifuged at 30,000 Â g for 10 min to precipitate mitochondria and microsomes. The resultant supernatants were centrifuged at 300,000 Â g for 20 min. The pellets were resuspended in TBS (10 mM Tris-buffered saline, pH 7.6) -0.25 M sucrose and centrifuged. The resultant precipitates were then resuspended in 1-ml TBS-0.25 M sucrose to yield a protein concentration of about 0.3-1 mg/ ml. The six vesicle preparations from normal or affected aortas were pooled to represent a sample population of vesicles for experimentation. These pooled preparations of vesicles were used for replicate experiments.
Calcium deposition
All of the following solutions were prepared under atmospheric CO 2 . To measure Ca deposition, the method of Hsu [18] was used with a slight modification. To prepare calcifying media, a twofold concentrated stock solution of 100 mM Tris -0.17 M NaCl -30 mM KCl -2 mM MgCl 2 and 2.9 mM CaCl 2 was first made. The pH of the stock solution was adjusted at room temperature with concentrated HCl to desired pH. A pH standard chart (available in the Sigma Chemical Inc. catalog) as a function of temperature was used to estimate pH at 37 jC from a pH titrated at room temperature. For example, a pH of 7.9 measured at 23 jC will correspond to pH 7.62 at 37 jC. The following components were then added in sequence as follows: 5 -10 Al of 45 CaCl 2 containing 1 Â 10 6 cpm solution, 10-Al 23 mM Pi (pH 7.6), F 10-Al 10 mM ATP to a tube containing 50 Al of the calcifying stock media. Before adding 10 Al of vesicle suspensions, varying amounts of water in microliters were then added to adjust the mixture to a final volume of 100 Al. When bicarbonate was used to replace Tris as a buffer, 6 Al of 0.5 M NaHCO 3 was added to the stock solution. The mixture (100 Al) was incubated for 5 h unless stated otherwise at 37 jC in a humidified incubation chamber under varying levels of CO 2 . Different incubation periods as indicated in each of the legends to the graphs were used. At the end of incubation, the reaction mixtures were filtered through 0.1-Am pore-size Durapore membranes (Millipore Inc.) attached to a Millipore vacuum trapping device. The membrane filters were washed twice each with 1 ml of Tris-buffered saline, pH 7.6 (TBS) and then transferred to vials containing scintillation fluids for radioactivity counting. The nonspecific 45 Ca 2 + deposition is defined as the radioactivity nonspecifically bound to the filters under the identical conditions in the absence of calcifiable vesicles (0.6 F 0.2% of the total radioactivity). These nonspecific counts were then subtracted from the radioactivity in the presence of calcifiable vesicles with or without ATP under various experimental conditions. Ca deposition is expressed as ''nmol Ca/ml calcifying media/5 h'' and is calculated using the following formula: [(cpm with calcifiable vesicles minus nonspecific binding/total cpm], multiplied by the concentration of CaCl 2 . Negative control did not contain vesicles or any proteins. Our previous experiments showed that bovine albumin at concentrations equivalent to the protein concentrations in vesicle suspensions did not induce calcification (data not shown). Protein concentration was measured by a BioRad protein determination kit. Unless stated otherwise, three replicate experiments were performed using the pooled preparation of vesicles. One-way ANOVA was used to compare the significance of the differences among three groups. Student's t-test was used to compare the significance of the mean differences between two groups. Data are presented as means F S.E.
Results
Effect of pH on Ca deposition by vesicles
Since pH plays an essential role in the formation of mineral crystal, the effect of pH on the metastability of a calcifying medium in the presence and absence of vesicles was studied. A defined calcifying medium was used to mimic the physiological concentrations of Ca 2 + (1.45 mM), phosphate (2.3 mM), and bicarbonate (30 mM) under various partial pressures of CO 2 . An initial attempt was to use Tris buffer to keep pH constant throughout the incubation period to determine the minimal pH levels of calcifying media for spontaneous Ca mineral formation under the influence of vesicles. We then used the unstable bicarbonate buffer to study how vesicles response to the changes in pH as a function of bicarbonate/CO 2 ratios. Accordingly, 50 mM Tris buffer was initially used to keep pH constant by deleting bicarbonate, which tends to increase alkalinity upon its hydrolysis. First, we determined nonspecific binding of Ca 2 + to the mineral-trapping filter membranes at a metastable pH 7.4. Any amount statistically significant above this nonspecific binding will be indicative of either spontaneous precipitation of calcium minerals or binding of Ca 2 + to vesicles. As shown in Fig. 1 , the percentage of Ca 2 + bound to the filter membranes at the serum pH level of 7.4 in the absence of vesicles was 0.2 F 0.1% or 5 F 2 nmol/ml (six determinations) of the total Ca 2 + concentration. There was no significant increase in Ca deposition above this level during a 30-min incubation period when pH was increased to 7.9 for (Fig. 1) . The addition of vesicles (25 Ag/ml) caused instant Ca uptake significantly above the background levels and remained constant from pH 7.4 to 7.9. The addition of ATP did not significantly enhance Ca deposition within 30 min by vesicles until pH 7.9 was reached.
Although pH levels lower than 7.9 did not induce ATPpromoted calcification within 30 min, it is possible that given sufficient time, Ca deposition can occur at lower pH. As shown in Fig. 2 , there was a significant Ca deposition in the presence of ATP at pH 7.6 from 1-3 h of incubation. In contrast, calcifying media in the presence or absence of vesicles remained metastable for 3 h ( P >0.05). As shown in Fig. 3 , ATP effect at pH 7.7 was further increased ( P < 0.05) while Ca binding to vesicles remained constant throughout the entire period ( P >0.05).
Effect of bicarbonate/CO 2 ratios on calcification
Since the ratio of bicarbonate/CO 2 is a major contributing factor for maintaining physiological pH of extracellular fluids, its alterations under abnormal conditions can lead to either acidosis or alkalosis. We sought to investigate the effect of varying ratios of carbonates on vesicle calcification Fig. 1 . Effect of pH on calcification for a 30-min incubation period. Fifty millimolar of Tris buffer at various pH levels without bicarbonate was used to keep the pH constant. The reaction mixture was incubated for 30 min and followed by applying the mixture onto membrane filters (for detail see Experimental procedures). One-way ANOVA statistics was used to assess the significance of pH effect on Ca deposition. Fig. 2 . Time course of vesicle calcification at pH 7.6. Fifty millimolar of Tris buffer at pH 7.6 without bicarbonate was used to maintain the pH levels. The reaction mixture was incubated for 5 h and followed by applying the mixture onto membrane filters (for detail see Experimental procedures). One-way ANOVA statistics was used to assess the significance of the effects of vesicles and ATP on Ca deposition at each time point. Fig. 3 . Time-course study of vesicle calcification at pH 7.7. Fifty millimolar of Tris buffer at pH 7.7 without bicarbonate was used to keep constant pH. The reaction mixture was incubated for 5 h and followed by applying the mixture onto membrane filters (for detail see Experimental procedures). One-way ANOVA statistics was used to assess the significance of the effects of vesicles and ATP on Ca deposition at each time point. Note that error bars are too small to be visible.
because of the profound effect of pH on vesicle calcification. The initial pH of fresh calcifying media containing 30 mM bicarbonate and 2.3 mM KH 2 PO 4 without Tris was found to be 7.6. As shown in Fig. 4 , there was a rapid rise in pH to 8.0 within 30 min as a result of bicarbonate hydrolysis when the media were exposed to atmospheric CO 2 (corresponding to a partial pressure of 0.04%). As expected, the rise in pH was offset by an increase in CO 2 tensions. The media was unstable and started to form Ca mineral within 30 min under atmospheric CO 2 (Fig. 5) . The addition of vesicles to the media did not significantly accelerate mineral formation ( P >0.05). However, the inclusion of 1 mM ATP markedly accelerated calcification (P < 0.001). There was a progressive decrease in vesicle calcification in the presence of 1 mM ATP as the CO 2 tensions were increased from 0.04% to 5% (Fig. 6 ). The effect of ATP became less obvious between 2.5% and 5% CO 2 as the concentrations of ATP were decreased.
Exposure of a concentrated sodium bicarbonate solution to a relatively low CO 2 pressure will cause a gradual loss of aqueous CO 2 through its escape into the air with a net gain of OH À ions from the hydrolysis of bicarbonate. Thus, an increase in the surface area of the solution will enhance the rate of CO 2 escape into the air and subsequently the level of pH. These phenomena are often seen with culture media exposed to atmospheric CO 2 , i.e. the larger the surface to volume ratio, the greater the rate of increase in pH levels. We sought to investigate the effect of surface areas of reaction Fig. 4 . Effect of CO 2 partial pressures on pH of calcifying media. Calcifying media were exposed to atmospheric levels (0.04%), 2.5%, and 5% of CO 2 in the presence of 30 mM bicarbonate for up to 5 h. Ten microfuge tubes each contained 100-Al calcifying medium without Tris, and were exposed to the assigned levels of CO 2 . At the end of incubation, the contents were immediately pooled for pH measurement. The means of duplicates from a single experiment were used for plotting. Fig. 5 . Spontaneous formation of calcium phosphate at a high ratio of bicarbonate/CO 2 . The calcifying media containing 30 mM bicarbonate in the absence of Tris buffer were exposed to air CO 2 and then applied to filters immediately after vesicles were added to the media (0 min) or after vesicles were incubated for 30 min. Fig. 6 . Effect of CO 2 partial pressures on ATP-mediated vesicle calcification. The effect of CO 2 levels on Ca deposition was performed at varying concentrations of ATP. Prior to the addition of vesicles, calcifying media were pre-incubated with the indicated levels of CO 2 for 30 min. The reaction was allowed to proceed for 5 h. Fig. 7 . Effect of the ratios of the surface area to volume on vesicle calcification. The surface area of a given volume of the reaction mixture in a standard 1.5-ml microfuge tube was estimated from the diameter of the liquid surface. Accordingly, the surface area to volume ratios of 100-and 200-Al volumes are 3.85 and 3.18 cm 2 , respectively. The concentrations of all ingredients including calcifying vesicles were kept constant for 100 and 200 Al of the reaction mixtures. The reaction was allowed to proceed for 5 h. mixtures on vesicle calcification because of the possibility that the microenvironment surrounding vesicles in situ may be subject to these variations. As shown in Fig. 7 , a mere 17% decrease in the ratio of the surface area to volume significantly inhibited ATP-promoted calcification by 50% ( P < 0.05).
Discussion
Biological calcification plays a vital structural and functional role in invertebrates and vertebrates. Dystrophic calcification is known to exist in a variety of diseases. The mechanism of aortic calcification is likely a complex process involving several putative initiators including cholesterol [2] , low-density lipoprotein [4] [5] [6] [7] , collagens [9, 10] , elastin [8] , calcifying vesicles [11] [12] [13] , and apoptotic bodies [19] . Accumulating morphological and biochemical evidence strongly implicates calcifying vesicles in aortic calcification [11] [12] [13] [14] [15] . ATP, abundant in cells and probably present in extracellular matrices of calcifying and non-calcifying tissues [21, 22] , could well be a putative Pi donor for promoting calcification since the nucleotide in the physiological range of 0.2-1 mM has been shown to be effective in inducing vesicle calcification [15] . We previously demonstrated that ATP is a preferred substrate than other nucleotides for calcification, suggesting a role of a specific ATPase in vesicle calcification [20] . The inhibition of ATP-dependent vesicle calcification by non-hydrolysable ATP analogs suggests the presence of a specific ATPase in matrix vesicles prepared from epiphyseal cartilage [23] .
An important yet often neglected consideration is the role of bicarbonate/CO 2 buffer in the initiation and regulatory mechanisms of physiologic and pathologic calcification processes. The importance of this biological buffer in the biological calcification process lies in the unlimited supply of CO 2 and the rapidity of this buffer in reversibly attaining alkalinity and acidity of extracellular fluids. This unique property may provide an important means of initiating or preventing unwanted calcification. Since calcifying vesicles are implicated in the mechanisms of aortic calcification, we herein test the hypothesis that pH alterations, as the result of varying ratios of bicarbonate/CO 2 , play an important role in the mechanism of vesicle-initiated calcification. As expected, vesicle calcification in the presence of ATP increased with an increase in pH of the media via the alteration in the bicarbonate/CO 2 ratios. In contrast, Ca binding to vesicles remains constant at various levels of pH. When bicarbonate/CO 2 ratios were kept low, the media can reach alkalinity rapidly. This unique property of bicarbonate buffer strongly suggests a possible underlying mechanism for physiological and pathological calcification.
To determine whether the observed effects are unique for vesicles from atherosclerotic subjects, we routinely isolated vesicles from normal aortas for comparison [14 -16,20] . Responses of the control vesicles to pH and bicarbonate/ CO 2 ratios were similar to those of atherosclerotic vesicles. We did not include the data from control vesicle experiments because calcifying vesicles are unlikely present in normal aortas in significant amounts. Mostly likely, the control vesicles were produced from bacterial collagenase treatment of the normal aortas during vesicle isolation. Nevertheless, the ability of collagenase to produce calcifying vesicles from normal aortas more or less is reflective of pathological conditions in lesions where there is a marked increase in collagenase activity [24, 25] . Because of these observations, the significance for the comparison of the data from the control vesicles to those from atherosclerotic vesicles is not obvious. The results of the present study using atherosclerotic vesicles strongly suggest that varying the ratios of bicarbonate/CO 2 and consequently the levels of pH of matrices or biological fluids may underlie the mechanisms of vesicle-mediated aortic calcification.
Despite the observed effects of bicarbonate/CO 2 ratios on vesicle calcification, the question remains unanswered as to whether there is a rapid transitional rise in pH levels at the calcification provisional zone in time for calcification. The pH ranges in extracellular fluids of different tissues can vary from 4.3 to 8.3 depending on the specific function of a tissue, such as acid-secreting stomach or alkaline pancreatic fluids [26] . The underlying mechanisms whereby these extreme pH levels exist remain incompletely understood. There is a close correlation in the levels of pH and bicarbonate in some extracellular fluids in tissues with a specific pH-dependent function [26] . For example, pancreas fluids with a pH level of 8.3 contain 80 mM NaHCO 3 , three times that of the plasma. Venous plasma leaving the acid-secreting stomach contains more NaHCO 3 than the arterial blood. These observations reveal the essential role of bicarbonate/CO 2 buffer in achieving a specific pH range for a unique function of a particular tissue. The infinite supply of bicarbonate and CO 2 from the blood and by active cells represents a unique biological process for maintaining a specific pH range. Whether a similar mechanism based on the bicarbonate/ CO 2 ratio may also underlie aortic calcification in atherosclerosis remains to be established. The supply of CO 2 from the blood to the aortic media could be blocked by the thickening intima. The reduction in CO 2 tension may then create a favorable condition for the focal mineralization in the restricted area of the intima adjacent to the media [26] .
Although the pH levels in the calcification front of hard tissues and lesions have not been well characterized, calcifying cartilage fluids have been shown to have a pH level of 7.6 in addition to the presence of millimolar ranges of nucleotides providing a potential source of Pi for calcification [21] . This pH level is close to the present report of a critical pH for vesicle calcification (Fig. 2) . It is likely that pH in these specific sites is closely regulated by the bicarbonate/CO 2 ratios. Since a bicarbonate concentration of 30 mM and a critical pH of 7.6 are known to exist in cartilage fluids, the carbonic acid concentration can be estimated to be in the range of 1.5 mM, depending on the surrounding levels of CO 2 and carbonic anhydrase activity. This carbonic acid level reflects only a small decrease from 2.3 mM at a physiological pH of 7.4.
Since necrosis and apoptosis are frequent occurrences in atheromatous regions, it is of interest to consider whether these processes can lead to a change in pH and thereby affecting mineralization. The inactivity of quiescent or apoptotic cells could lead to a decrease in the output of CO 2 from vascular cells relative to the extracellular bicarbonate levels. As a result, the decrease in CO 2 output may cause a local increase in alkalinity assuming that the blood supply of CO 2 is blocked by thickening of the intima in atherosclerotic lesions.
